A cDNA clone encoding an amphioxus fatty acid binding protein-like (AmphiFABPL) protein was isolated from a gut cDNA library of Branchiostoma belcheri. It contained a 423 bp open reading frame corresponding to a deduced protein of 140 amino acids with a predicted molecular mass of approximately 15.9 kDa. Phylogenetic analysis showed that AmphiFABPL fell outside the vertebrate clade of fatty acid binding proteins (FABPs), being positioned at the base of the chordate lineage, and was almost equally homologous to various vertebrate FABPs, suggesting that it may be the archetype of vertebrate FABPs. Both northern blotting and in situ hybridization analyses demonstrated that AmphiFABPL was expressed in the hepatic caecum and hind-gut, and although at a much lower level, it was also present in the endostyle, ovary and testis. In addition, whole-mount in situ hybridization revealed that AmphiFABPL was initially expressed in the posterior two thirds of the primitive gut, including the mid-gut where the hepatic caecum will form later, in 2-day larvae. The expression pattern is closely similar to that of the L-FABP and I-FABP genes in vertebrates, supporting the hypothesis that the hepatic caecum in the amphioxus is homologous to the vertebrate liver.
IntroductIon
Fatty acid binding proteins (FABPs), encoded by a multigene family, are low molecular mass (14-15 kDa) and highly conserved cytosolic proteins that bind non-covalently hydrophobic ligands such as fatty acids. The primary amino-acid sequences of FABP family members differ from each other, yet all FABPs have a similar tertiary structure consisting of two short α-helices and 10 antiparallel β-strands Chmurzyńska, 2006) . The β-strands are organized into two orthogonal β-sheets, giving the protein an overall clam shell-like shape (Bernlohr et al., 1997; Schaap et al., 2002) . Many putative physiological functions have been proposed for FABPs, including the promotion of cellular uptake and transport of fatty acids, targeting of fatty acids to specific metabolic pathways, and participation in the regulation of gene expression and cell growth (Haunerland & Spener, 2004) . To date, nine different types of FABPs have been documented in vertebrates, each being originally named according to their initial site of isolation, subsequently named based on sequence similarity to previously defined Y. Wang and others and testis FABP (T-FABP) (Chmurzyńska, 2006) . FABPs have also been isolated from invertebrates (Haunerland & Chisholm, 1990) , and nearly all invertebrate FABPs reported appear mainly related to the H-type proteins (Esteves & Ehrlich, 2006) .
Since the first identification of intestinal FABP by Ockner et al. (1972) , vertebrate FABPs have been extensively studied. A large number of data show that FABP genes are expressed in a tissue-specific manner, yet most vertebrate tissues express several various FABP types. L-FABP, for example, is abundantly expressed in the liver, and recent studies have reported the expression of E-FABP, I-FABP and A-FABP in the liver as well (Owada et al., 2002; Yu et al., 2002) . Moreover, L-FABP is also expressed at a lower level in the kidney, pancreas, intestine and lung (Gordon et al., 1985; Maatman et al., 1992; Schroeder et al., 1993) . In contrast, I-FABP expression is mainly restricted to the digestive tract including intestine and stomach Veerkamp & Maatman, 1995) although it is also expressed in other tissues such as ovary and testis (Sharma et al., 2004) . H-FABP and E-FABP are both ubiquitously expressed: the former is most prominent in the cardiac and skeletal muscles, but also present in the kidney, lung, mammary tissue, placenta, testis, ovary, stomach and brain; the latter occurs widely in the skin, lung, heart and skeletal muscles, kidney, testis, adipose tissue, brain and retina (Zanotti, 1999) . In addition to H-FABP and E-FABP, B-FABP and MP2 are also expressed in the nervous system including brain, retina and Schwann cells (Owada et al., 1996; Veerkamp & Zimmerman, 2001 ). Finally, A-FABP is expressed in adipocytes and macrophages (Bernlohr et al., 1997; Fu et al., 2000) . In most cases, the expression pattern of FABP genes appears similar in all vertebrates (Green et al., 1992; Shi & Hayes, 1994; André et al., 2000; Pierce et al., 2000; Sharma et al., 2004) .
Despite the extensive investigation of vertebrate FABPs, including gene expression studies at tissue and cellular level, over the past three decades (Agellon et al., 2002) , little is known at present regarding the occurrence of FABPs in non-vertebrate chordates. Amphioxus, a basal chordate, has long been regarded as a model organism for insights into the origin and evolution of vertebrates (Holland et al., 2004) . Information on its gene sequences and expression patterns has been widely used for interspecies comparative genome studies and developmental homology analysis (Wada & Satoh, 1994; Holland & Holland, 1999) . In the course of expressed sequence tag (EST) generation from a gut cDNA library of amphioxus Branchiostoma belcheri, we isolated a gene exhibiting similarity to vertebrate FABP genes (GenBank accession number: DQ531633). The aims of this study were thus to characterize the amphioxus FABP-like gene, and to examine its expression pattern in adults and developing embryos.
MATerIALs AND MeThoDs
Animals and embryos. Amphioxus B. belcheri were collected during the breeding season from the sandy bottom of the sea near Shazikou in the vicinity of Qingdao, transported to the laboratory and maintained at ambient photoperiod and temperature. The naturally fertilized eggs were pooled, and cultured at room temperature. The developing embryos and larvae at desired stages were fixed in fresh 4% paraformaldehyde in 100 mM Mops in 100 mM phosphate buffer (pH 7.4) containing 500 mM NaCl at 4°C overnight, and stored in 70% ethanol at -20°C until used.
Cloning and sequence analysis of cDNA. The gut cDNA library of adult amphioxus was constructed with SMART cDNA Library Construction Kit (CLONTECH, Palo Alto, CA, USA) according to the method described previously (Liu et al., 2002) . In large scale sequencing of the cDNA library with an ABI PRISM 377XL DNA sequencer, more than 5000 clones were analyzed for coding probability with the DNA Tools program (Rehm, 2001 ). Comparison against the GenBank protein database was performed using the BLAST network server at the National Center for Biotechnology Information (Altschul et al., 1997) . Multiple protein sequences were aligned using the MegAlign program by the CLUS-TAL W method in the DNASTAR software package (Burland, 2000) . A phylogenetic tree was constructed by the neighbor-joining method within the PHYLIP 3.5c software package (Felsenstein, 1993) using 1000 bootstrap replicates.
Northern blotting. Total RNAs were prepared with Trizol (Gibco) from various tissues including the gill, muscle, testis, ovary, hepatic caecum, hind-gut and notochord of adult amphioxus. Northern blotting was performed according to a slightly modified method of Stelmanska et al. (2004) and Surmacz et al. (2006) . A total of 4 μg RNAs each was electrophoresed and blotted onto Nylon membrane (Osmonics Inc.). The blots were hybridized at high stringency with DIG-labeled Amphi-FABPL riboprobe of about 600 bp (1 μg/ml in DIG Easy Hyb) for 15 h at 56°C, and washed twice in 2 × SSC with 0.1% SDS at 25°C for 5 min each and twice in 0.1 × SSC with 0.1% SDS at 65°C for 20 min each. They were then incubated in a blocking solution (pH 7.5) containing 100 mM maleic acid, 150 mM NaCl and 1% blocking reagent (Roche) and in the blocking solution with anti-Digoxigenin-AP (Roche) diluted 1 : 10 000 for 1 and 2 h, respectively, at room temp. After washing with 100 mM maleic acid buffer (pH 7.5) with 150 mM NaCl and 0.3% Tween 20 and 100 mM Tris/HCl buffer (pH 9.5) with 100 mM NaCl, the hybridized bands were visualized by BM-Purple (Roche).
In situ hybridization histochemistry. Sexually mature amphioxus were cut into 5 or 6 pieces and fixed in freshly prepared 4% paraformaldehyde in 100 mM phosphate buffer (pH 7.4) at 4°C for 8 h. The samples were dehydrated, embedded in paraffin, and sectioned at 7 μm. The sections were mounted onto poly-l-lysine coated slides, dried at 42°C for 36 h, and de-waxed in xylene for 20 min (two changes for 10 min each), followed by immersion in absolute ethanol for 10 min (two changes for 5 min each). They were then re-hydrated, and brought to double distilled water treated with 0.1% DEPC. After digestion with 5 μg/ml proteinase K (Merck) in 100 mM Tris/HCl buffer (pH 8.0) with 50 mM EDTA at 37°C for 30 min, the sections were post-fixed in 4% paraformaldehyde in 10 mM phosphate buffer (pH 7.4) at room temp. for 20 min, and then acetylated in freshly prepared 100 mM triethanolamine/HCl (pH 8.0) with 0.25% acetic anhydrite at room temp. for 10 min, de-hydrated with graded ethanol, pre-hybridized in a hybridization buffer containing 50% deionized formamide (v/v), 100 μg/ ml heparin, 5 × SSC, 0.1% Tween 20, 5 mM EDTA, 1×Denhardt's solution and 0.2 mg/ml salmon sperm DNA at 55°C for 3 h, and hybridized in the same hybridization buffer with 1 μg/ml AmphiFABPL riboprobe at 55°C for 16 h in a moist chamber. Subsequently, the sections were subjected to RNase A (Promega) digestion (20 μg/ml in 2 × SSC) at 37°C for 30 min, washed three times in 100 mM Tris/HCl (pH 7.4) with 150 mM NaCl (15 min each), pre-incubated in 1% blocking reagent (Roche) in 100 mM Tris/HCl (pH 7.4) with 150 mM NaCl at room temp. for 1 h, and incubated with anti-Dig AP-conjugated antibody diluted 1 : 2000 in 1% blocking reagent in 100 mM Tris/HCl with 150 mM NaCl (pH 7.4) at room temp. for 2 h. After washing three times in 100 mM Tris/HCl (pH 8.0) containing 100 mM NaCl and 50 mM MgCl 2 (5 min each), the sections were incubated with a coloring solution consisting of 4.5 μg/ml NBT and 3.5 μg/ml BCIP in 100 mM Tris/HCl (pH 8.0) with 100 mM NaCl and 50 mM MgCl 2 (Boehringer Mannheim) in dark for 3-12 h. The coloring reaction was stopped in 100 mM Tris/HCl (pH 8.0) with 1 mM EDTA for 10 min, and the sections were then rinsed in distilled water, dehydrated, mounted in Canada balsam, and photographed under a BX51 Olympus microscope.
Whole-mount in situ hybridization. Wholemount in situ hybridization was carried out by the method of Holland et al. (1996) . Briefly, embryos and larvae stored in 70% ethanol were re-hydrated. After several washes in PBS (0.1 M phosphate buffer pH 7.4, 0.9% NaCl), specimens were digested with 10 μg/ml proteinase K in PBS for 10 min. Digestion was stopped with 2 mg/ml glycine in PBS (10 min) and specimens were refixed for 1 h in 4% paraformaldehyde in PBS. After washing in PBS, specimens were acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine, washed in PBS followed by prehybridization in a hybridization buffer (50% deionized formamide (v/v), 100 μg/ml heparin, 5 × SSC, 0.1% Tween 20, 5 mM EDTA, 1 × Denhardt's solution) at 60°C for 3 h. Hybridization was performed in the same hybridization buffer with 1 μg/ml AmphiFABPL antisense riboprobe at 60°C for 16 h. Then the embryos and larvae were subjected to RNase A digestion (20 μg /ml in 2 × SSC) at 37°C for 20 min, washed in 2 × SSC, 0.1% Tween 20 (2 × 20 min) followed by 0.2 × SSC, 0.1% Tween 20 (1 × 20 min), pre-incubated in 1% blocking reagent (Roche) in 100 mM Tris/HCl (pH 7.4) with 150 mM NaCl at room temp. for 2 h, and incubated with anti-Dig AP-conjugated antibody diluted 1 : 2000 in 1% blocking reagent in 100 mM Tris/HCl with 150 mM NaCl (pH 7.4) at 4°C overnight. After washing three times in PBS Tween 20, the specimens were transferred to alkaline phosphatase buffer (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris/HCl, pH 9.6, 0.1% Tween 20), incubated with a coloring solution consisting of 4.5 μg/ml NBT and 3.5 μg/ml BCIP in 100 mM Tris/HCl (pH 8.0) with 100 mM NaCl and 50 mM MgCl 2 in dark. Levamisole was used as an inhibitor of endogenous alkaline phosphatases. Reactions were stopped in phosphate buffer after 1 to 12 h. Embryos and larvae were cleared in 80% glycerol in phosphate buffer and viewed and photographed using an Olympus microscope. Control experiment was performed in parallel using sense probes.
resuLTs AND DIsCussIoN

sequence, structure and phylogeny of amphioxus FABP-like cDNA
The cDNA (GenBank accession number: DQ531633) obtained from the gut cDNA library of amphioxus B. belcheri is 631 bp long, and its longest open reading frame codes for a protein of 140 amino acids with a predicted molecular mass of approx. 15.9 kDa. The 5' untranslated region (UTR) is 96 bp long with three in-frame stop codons, and the 3' UTR is 112 bp long with a polyadenylation signal AATAAA and a polyadenylyl tail (Fig. 1 ). An initial BLASTp search at NCBI showed that the protein encoded by the cDNA has a lipocalin domain (residues 7-97) characteristic of FABPs, and the highest hits were Fasciola hepatica FABP (score: 53.9, E value: 2e-06), Danio rerio I-FABP (score: 49.3, E value: 5e-05) and D. rerio B-FABP (score: 49.3, E value: 5e-05). In addition, prediction by the PredictPrediction program (http://swissmodel.expasy.org/) revealed the presence of two α-helices and eleven β-strands in the protein encoded by the cDNA (Fig. 2) . Compared with other FABPs, the last β-strand in the protein has split into two. These indicate that the cDNA encodes an amphioxus FABP-like protein, and is thus designated AmphiFABPL.
To shed light on the evolutionary position of AmphiFABPL, a phylogenetic tree was constructed 
Amphioxus fatty acid binding protein-like gene
using the amino-acid sequences of 48 representative FABPs including all 9 different types of FABPs and AmphiFABPL from 13 vertebrate species and one amphioxus species using the Fasciola gigantica FABP as the outgroup. It was found that AmphiFABPL fell outside the vertebrate clade of FABPs, and was positioned at the base of the chordate lineage (Fig. 3) , suggesting that AmphiFABPL may be the archetype of FABPs. This seems further corroborated by the comparison of amino-acid sequences, which revealed (Fig. 2) , respectively, indicating that the sequence of AmphiFABPL is almost equally similar to those of various FABPs in vertebrates.
Tissue-and stage-specific expression of AmphiFABPL gene
Northern blotting was conducted to assess the size of the AmphiFABPL transcript and its tissue distribution. As shown in Fig. 4 , a single 630 bp band of AmphiFABPL transcript was detected in the hepatic caecum and hind-gut, and although at much lower levels, it was also present in the ovary and testis. In contrast, no hybridization signal was observed in the gill, muscle, neural tube and notochord. In situ hybridization also revealed a similar tissue distribution pattern of AmphiFABPL transcript in the hepatic caecum, hind-gut, endostyle, ovary and testis (Fig. 5) . The hepatic caecum in amphioxus has been long considered to be the precursor of vertebrate liver (Müller, 1844; Welsch, 1975; Ruppert, 1997; Liang et al., 2006a; 2006b) . It is of interest to note that the abundant expression of AmphiFABPL in the hepatic caecum suggests it belongs to the liver type, while its predominant expression in the hind-gut implies it is similar to the intestinal type. It appears that AmphiFABPL exhibits similarity to both L-FABP and I-FABP, possibly representing a type of FABP with combined features of both L-FABP and I-FABP in vertebrates. Evolutionary tree data have suggested that gene duplication leading to the divergence of three branches of FABPs, which H-, L-, and I-FABPs belong to, must have occurred before the vertebrate/ invertebrate split (Chan et al., 1985; Cavagnari et al., 2000) , however, only H-FABPs have been reported so far for nearly all invertebrates (Esteves & Ehrlich, 2006) . The identification of AmphiFABPL and its expression pattern in adult amphioxus apparently provide evidence supporting the gene duplication hypothesis.
Expression of AmphiFABPL during embryogenesis was examined by whole-mount in situ hybridization. An AmphiFABPL transcript was not detectable until the stage of 1-day larva. A strong positive signal was initially detected in the posterior two thirds of the primitive gut, including the midgut where the hepatic caecum will form later in development (Conklin, 1932) , in 2-day larvae (Fig. 6) . The spatial and temporal expression pattern of AmphiFABPL is most closely similar to that of I-FABP in zebrafish (André et al., 2000) . It is known that fatty acids are mainly absorbed in the proximal half of the intestine in vertebrates. Whether the occurrence of AmphiFABPL in the primitive gut suggests the gain of a fatty acid absorbance role merits a detailed study.
The liver is an endoderm-derived organ that evolved in vertebrates. It has been shown that L-FABP is primarily expressed in the liver, and I-FABP is expressed in the liver as well in addition to its expression in the intestine (Yu et al., 2000; Owada et al., 2002) . Similarly, AmphiFABPL is expressed predominantly in the hepatic caecum and hind gut and exclusively in the developing primitive gut including the region where the hepatic caecum will develop. This apparently agrees with the hypothesis that the vertebrate liver evolved from the hepatic caecum of an amphioxus-like ancestor initially proposed by Müller (1844) .
